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Abstract

Jet spreading enhancement with a certain coannular
nozzle configuration has been explored. When the
outer nozzle is flaired (i.e., made convergent-diver-
gent) the ensuing jet spreads faster than the case
where the outer nozzle is convergent. The spreading
enhancement is most pronounced when the outer flow
is run near ‘transonic’ condition, in an overexpanded
state. Under this condition, the increased spreading
takes place regardless of the operating conditions of
the inner jet. This observation, first made in a small-
scale facility (Ref. 1), has been confirmed and studied
in some detail in a larger-scale facility. Results of the
latter experiment are presented in this paper. The
spreading increase is shown to be substantial and
comparable to or better than that achieved by a lobed
nozzle. Estimates based on idealized flow indicate
that there is an accompanying thrust penalty — the
actual penalty is expected to be less than the estimate
but remains undetermined at this time. In both the
earlier and the present experiments, the spreading in-
crease has often been found to accompany a flow
resonance. The nature of this resonance is addressed
in this paper. It is shown that the spreading increase
takes place even if the resonance is absent. Thus, flow
excitation due to the resonance is ruled out as the un-
derlying mechanism. While the complete mechanism
remains unclear, it is conjectured that pressure gradi-

ents near the nozzle, characteristic of overexpanded
flow, are at the root of the phenomenon.

1. Introduction

With a coannular nozzle configuration, when the outer
annular flow is run at specific off-design conditions,
as elaborated in the following, the ensuing jet flow is
found to spread faster than that in ‘normal’ conditions.
The phenomenon has been first observed by the sec-
ond author in earlier experiments at UC Irvine and a
patent filed by UC is pending on the nozzle configu-
ration and conditions that would provide such mixing
enhancement. Key features of the earlier UCI findings
are covered in a companion paper (Ref. 1). The phe-
nomenon is attractive because mixing enhancement is
often desired in aircraft engine exhausts. (In this pa-
per, the attributes of jet ‘spreading’ and ‘mixing’ are
used interchangeably assuming one directly follows
the other). Furthermore, many aircraft nozzle systems
involve coannular configurations and it would appear
that the observed phenomenon could be induced by
relatively simple design changes. This led to an ex-
amination of the UCI observation by the first author
who has been involved in research on methods for
mixing enhancement in aircraft propulsion applica-
tions.

Copyright © 2000 by the American Institute of Acronautics and Astronautics, Inc. No copyright is asserted in the United States under Tide 17, U.S.
Code. The U.S. Government has a royalty-free license to exercise all rights under the copyright claimed herein for Governmental Purposes. All other

rights are reserved by the copyright owner.



The UCI observation: Enhanced mixing was observed
when the outer nozzle was ‘flaired’, i.e, made conver-
gent-divergent, and the outer flow was run at ‘tran-
sonic’ conditions. Under those conditions, the center-
line Mach number decay was found to be significantly
faster than that observed in the case when the outer
nozzle was simply convergent. Mixing enhancement
was most pronounced when the outer flow ‘Mach
number’ ranged between 0.8 and 1.2. The phenome-
non was robust, repeatable and occurred for a wide
range of operating conditions for the inner flow. It was
also observed that a flow resonance accompanied the
enhanced mixing process. It was thought that the flow
instability instigated by the resonance broke up the jet
into large vortices and that this might be the underly-
ing mechanism for the enhanced mixing.

Objectives: The present investigation was undertaken,
first, in order to independently confirm the phenome-
non in a different facility. Second, a demonstration of
its occurrence with larger-scale nozzles was desired.
The UCI results were obtained with a small-scale fa-
cility (inner jet diameter was 1.27 cm) that could be
subjected to questions regarding Reynolds number
and initial condition effects. Approximately three
times larger nozzle sizes were used in the present ex-
periment in order to alleviate those concerns; the
larger nozzles also permitted flow field surveys with
adequate probe resolution. A third objective was to
assess the thrust penalty. The final objective was to
shed further light on the flow mechanisms of the
mixing enhancement process.

2. Experimental Procedure

The experiment was conducted in an open jet facility
at NASA Glenn Research Center. Existing dual-flow
hardware was adapted for the study. The hardware
consisted of a 14 cm diameter pipe section that at-
tached to a jet facility to provide the inner (primary)
flow. An annular plenum chamber surrounded the
pipe section and provided the outer (secondary) flow.
The flow to the outer chamber was supplied through
four equally spaced ports and then routed through
contoured interior and screens to provide a uniform
annular stream at the exit. The inner and outer streams
generated by the dual-flow hardware were then passed

through contoured coannular nozzles. A schematic
diagram of the nozzles, attached to the exit of the
dual-flow hardware, is shown in Fig. 1(a). A perspec-
tive view of only the nozzles is shown in Fig. 1(b).

~ Inner nozzle

Figure 1.—Coannular nozzle configuration. (a) Sche-
matic with dimensions in cm. (b} Perspective view; for
'Nozzle 1' the outer annular passage is convergent, for
'‘Nozzle 2' the outer passage is convergent-divergent
with Mp = 1.7.

The dual-flow hardware had a 0.95 cm di-
ameter ‘sting’, held by a set of three struts, for attach-
ing center-bodies. In the present experiment, the sting
was used to hold the inner nozzle via a second set of
airfoil-shaped struts. The inner nozzle fitted to the in-
terior of the pipe section, as shown in Fig. 1(a). The
outer nozzle bolted to the end of the dual-flow hard-
ware. Ring shaped plugs were used during assembly
to ensure concentricity of the two nozzles.

For all experiments, the inner nozzle re-
mained fixed. This was a convergent-divergent nozzle



with a design Mach number of 1.28. The exit and
throat diameters were 3.76 cm and 3.65 cm, respec-
tively, and the throat-to-exit length was 1.27 cm. The
lip thickness at the exit was approximately 0.75 mm.
Results obtained with two outer nozzles are presented
in this paper. The first had an interior contour such
that, together with the outer shape of the inner nozzle,
the flow converged all the way to the exit. The exit
diameter of this nozzle was 5.33 cm. The second outer
nozzle provided a convergent-divergent passage end-
ing with the same nominal exit diameter as the first
one. The throat was 2.54 ¢cm upstream from the exit.
The area ratio was such that the design Mach number
would be about 1.7 if one-dimensional idealized flow
could be assumed. In the following, the coannular
nozzle system with the convergent outer one will be
referred to as ‘Nozzle 1°, and the system with the con-
vergent-divergent outer one will be referred to as
‘Nozzle 2’. As a reminder of the shapes, these will be
alternatively referred to as the ‘convergent’ and
‘flaired’ cases, respectively. The exit diameter of the
outer nozzle will be denoted as ‘D’ and that of the
inner nozzle as ‘Djy’.

The nozzle dimensions were approximately
three times larger than those in the UCI experiment.
Thus, the present experiment involved about an order
of magnitude larger mass flow rates. Separate, con-
tinuous, compressed air supplies were available for the
inner and outer streams with independent controls.
Orifice meters located on the supply lines provided
mass flow rate data for each stream. The jet dis-
charged into the ambient air of the test chamber. The
experiment involved ‘cold’ flows, i.e., the total tem-
perature was approximately the same throughout the
flow and in the ambient.

Most of the data were obtained by Pitot probe
surveys. Limited static pressure surveys were con-
ducted in separate runs. All data were obtained under
automated computer control, after allowing sufficient
warm-up time to ensure steady-state flow conditions.
The inner plenum pressure was held by feedback con-
trol. The data acquisition routine continually moni-
tored the plenum and the ambient pressures as well as
the pressures for the two orifice meters. The acquisi-
tion routine rejected any data if the inner plenum pres-
sure deviated more than 1% of the set value; the outer
plenum pressure did not have feedback control and
data rejection limit was set for 2% of the set value.
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Figure 2.—Mach number profiles at the exit of Nozzle 1
(x/D, = 0.05). Data are for inner jet Mach numbers (M 1)
of 1.02 (A), 0.86 (0) and 0.64 (V); outer jet Mach numéer,
M]o = 0.86 for all cases.

3. Results and Discussion

Mach number profiles at the exit of Nozzle 1 (conver-
gent case) are shown in Fig. 2. Here, the Mach num-
ber, M, is calculated simply from the total pressure
(py) assuming static pressure to be equal to ambient

pressure (pg),

= 2
M=/ p)"™7 D=2 being the rato
of specific heats. Notations Aj; and Mj, are used to
denote ‘jet Mach numbers’ for the inner and outer
streams based on the plenum pressures; i.e., these
values are obtained by replacing p; in the above
expression with the respective plenum pressures.
(Actual Mach number, based on total and static
pressures measured at the same point, will be denoted
as My) In Fig. 2, data for three values of Mj; are
shown while Mj, is held approximately a constant.
The profiles show that the outer annular nozzle has
yielded approximately uniform velocity distribution in
spite of the complex flow path. The inner nozzle flow
is also reasonably uniform except for some undula-



tions, presumably due to the two sets of struts in the
flow path (§2). For the condition, M;; = Mo ~ 0.86,
the wake from the inner nozzle lip can also be seen at
this measurement station.
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Figure 3.—Mach number profiles at the exit
(x/Dg = 0.05): A, Nozzle 1; O, Nozzle 2;
&, Nozzle 2 (trip). Mj; = M, = 0.86 for all
cases.

Corresponding Mach number profiles for, M;;
=Mjo~ 0.86, obtained with Nozzle 2 (flaired case) are
compared with data for Nozzle 1 in Fig. 3. Two sets of
data are shown for the flaired case; one set is for a
clean interior of the outer nozzle while the other is
with boundary layer trip placed just upstream of the
throat. The significance of the tripped boundary layer
case will be discussed later in the text. First, the differ-
ence between Nozzle 2 (clean case, diamond symbols)
and Nozzle 1 case (triangular symbols) is examined. It
can be seen that the velocity profiles for the outer an-
nulus are ‘narrower’ with Nozzle 2. Even though the
exit area is the same, the throat for the outer annulus
with Nozzle 2 has a smaller area and this causes a
smaller flow rate at the given plenum pressure. Flow
separation in the diverging section is also likely. These
factors apparently result in the observed profile for
Nozzle 2.
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Figure 4.—Mass flow rate versus plenum pressure:

A, Nozzle 1; &, Nozzle 2; T, Nozzle 2 (trip). (a) Inner
(primary) flow; for the two clusters of data at
{psi-pg)/pP, =0.25 and 0.63, outer plenum pressure
(Pro—Pa)/Pg Was varied from 0 to 0.9. (b) Outer
(secondary) flow; (04 —p g)/p, = 0.64 for all cases.



Mass flow rates (m) for the inner and outer
nozzles, measured by orifice meters, are shown in
Figs. 4(a) and (b) as a function of the respective ple-
num pressures. Here, py; and py, represent total pres-
sures in the inner and the outer plenum chambers, re-
spectively. The data in Fig. 4(a) show that the inner
nozzle flow rate remains unaffected when the outer
nozzle is changed. The flow rate depends on the ple-
num pressure ( py;) and practically remains unaffected
by the outer plenum pressure (py,); two sets of data in
the figure, identified in the caption, demonstrate this.
The relatively lower mass flow rate (#1,) for the outer
annulus with Nozzle 2, compared to Nozzle 1 case, is
clearly evident in Fig. 4(b). The flow rate for Nozzle 1
(convergent case, triangular symbols) is larger than
that of Nozzle 2 (flaired case), from about (pso-pg) pa
= (.25 up to the maximum pressure covered in the
experiment. In this range of py, the flow in the outer
annulus of Nozzle 2 is expected to have shocks, as
discussed later. This is also the range where enhanced
mixing is expected based on the UCI observation. (For
Nozzle 2, boundary layer trip makes little difference in
the 1 data. As stated before, the tripped case data will
be discussed shortly).

Figure 5.—Mach number profiles at x/D, = 6 for the three
cases of Fig. 3.

Cross-sectional profiles of Mach number (M)
for Nozzles 1 and 2 are compared in Fig. 5, for x/Dy =
6, corresponding to the conditions of Fig. 3 (Mj; = Mjo
~ 0.86). A relative drop in the Mach number in the
core of the jet with Nozzle 2 is evident. This implies a
faster jet spreading with Nozzle 2 and is qualitatively
in agreement with the UCI observation. However, as
discussed in the foregoing, the outer mass flow rate
1y is less with Nozzle 2 and this must be taken into
consideration for proper comparison of the jet
spreading.

In order to account for the difference in the
mass flow rates, an equivalent diameter Dgg is calcu-
lated based on the m data. For a given plenum pressure
(assuming pyj = pto), Deg is calculated to approxi-
mately represent the diameter of a convergent nozzle
that would yield the same mass flow rate (m; + ri1,).
Thus, corresponding to the condition Mj; = Mj, =~ 0.86
(Figs. 3, 5), Deq for nozzle 2 is found to be smaller
than that of Nozzle 1 by a factor of about 1.1, based on
the data of Fig. 4. Values of Dgg obtained for this
condition are assumed to be applicable at the other
two operating conditions of Fig. 2.

Centerline Mach number distributions are
now compared for Nozzle 1 and Nozzle 2 in Figs.
6(a)-(c), for the three operating conditions of Fig. 2.
Streamwise distance x is normalized by Deg, and the
ordinate represents actual Mach number calculated
from total and static pressures measured in separate
runs. Evidence of a shock near the nozzle exit may be
noted for all three sets of data, but this is more pro-
nounced at higher MJ, In all cases, the centerline
Mach number decay with Nozzle 2 is found to be
clearly faster than that with Nozzle 1. Thus, these data
demonstrate that the jet spreading is indeed faster with
the flaired outer nozzle, and this is true even when the
discrepancy in the initial mass flow rates is accounted
for. (It should be noted that had the distance x been
nondimensionalized by the outer diameter D, the
difference between the curves for Nozzles 1 and 2
would have been greater.)

As with the UCI observation, a flow reso-
nance (see §1) also occurred with Nozzle 2 in the pre-
sent experiment. The resonance was accompanied by
a ‘screech-like’ tone. This tone was quite similar in
characteristics to tones occurring with single conver-
gent-divergent nozzles, studied previously (Ref. 2).



The salient features of the results of Ref. 2 are worth
summarizing here. The tone was studied for a variety
of single C-D nozzles. It occurred in ‘transonic’ con-
ditions when a normal shock was expected within the
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Figure 6.—~Centerline variation of actual Mach number.
(a) Ml'i =1.02,Mj, = 0.86. (b} Mii =0.86, Mj;, = 0.86.
(c) Mﬁ = 0.64, M, = 0.86.

diverging section or when the flow was in the early
stages of overexpansion. While this tone could be eas-
ily confused with conventional screech noise (reader
not familiar with the latter phenomenon is referred to
the cited paper), it was shown to be different in char-
acteristics and origin. For example, the frequency
would increase with increasing plenum pressure, a
trend opposite to that of screech noise. A ‘tab’ placed
at the nozzle exit would completely eliminate screech
while the tone under consideration would remain un-
affected. Furthermore, the occurrence of the tone
could be related to an unsteady boundary layer sepa-
ration near the throat. This was evident from the fact
that a boundary layer trip placed near the throat, (that
would have no effect on screech), would weaken or
completely suppress the tone.

The flow resonance and the accompanying
tone with the flaired coannular nozzle behaved in a
similar manner as described above. This is shown by
the sound pressure data in Figs. 7-9, measured by a
microphone located approximately 90° to the jet axis
and 30D, away from the nozzle.
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Figure 7.—Sound pressure spectra for Nozzle 2 with and
without boundary layer trip near the throat, for indicated
operating Mach numbers; upper pair shifted by 20 dB.

In Fig. 7, sound pressure spectra are com-
pared with and without a boundary layer trip for Noz-
zle 2 corresponding to two operationg conditions of
Fig. 2. A tone at 1625 Hz dominates the spectra for the
untripped case. The boundary layer trip practically
eliminates the tone. (The trip consisted of four beads
of epoxy placed on the inner surface of the outer noz-
zle just prior to the throat.) As with the single nozzles
(Ref. 2), the tone was characteristic of the convergent-
divergent geometry and did not occur with the con-
vergent nozzle. This is evident from the corresponding
noise spectra for Nozzle 1, compared to the data for
Nozzle 2 (tripped), in Fig. 8. Note that the data for
Nozzle 2 in the latter figure represent another run with
reapplication of the epoxy beads. The tone was sensi-
tive to small variations in the geometry of the bound-
ary layer trip, and this explains some difference in the
data for Nozzle 2 between Figs. 7 and 8.

The tone frequency variation with the outer
plenum pressure for Nozzle 2 is shown in Fig. 9. The
frequency increases with increasing plenum pressure
(and hence with Mj,). This is a trend similar to that
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Figure 8.—Sound pressure spectra for Nozzle 2 (with
boundary layer trip) and Nozzle 1, for indicated
operating conditions; upper pair shifted by 20 dB.

observed with single C-D nozzles, as mentioned be-
fore. The solid and open data symbols, for operating
conditions explained in the caption, also demonstrate
that the tone is practically independent of the inner
flow setting. (It should be mentioned here that with the
outer flow off, the inner nozzle also underwent a reso-
nance at transonic conditions commensurate with the
results of Ref. 2. However, when the outer flow was
turned on, its tone dominated the noise field and the
tone from the inner flow was obliterated in the spec-
trum.) In figure 9, flow regimes 1, II, IIl and IV are
marked; these are based on one-dimensional analysis
and represent fully subsonic state, a state with a nor-
mal shock in the diverging section, and overexpanded
and underexpanded states, respectively. These flow
regimes are determined simply from the throat-to-exit
area ratio of the outer flow. The tone can be seen to
occur in regimes /I and /1. This was also the case with
single nozzles as reported in Ref. 2. Thus, the tone
observed with the ‘flaired’ coannular nozzle, in the
present as well as the UCI experiment, is inferred to
be of the same origin as that reported in Ref. 2.
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The significance of the data for the tripped
boundary layer case with Nozzle 2, presented in Figs.
3 - 6, should now be clear. The effect of the flaired
outer nozzle, on the observed increase in jet spreading,
remains practically the same whether or not there is a
boundary layer trip. This can be seen from the lateral
Mach number profiles in Fig. 5 as well as the center-
line profiles in Fig. 6. Since the boundary layer trip
suppresses the flow resonance and the tone, flow ex-
citation due to the tone, therefore, is ruled out as the
primary mechanism for the observed spreading in-
crease.

Unfortunately, the full mechanism has re-
mained unclear at this time. One may speculate that
pressure gradients near the nozzle exit owing to the
overexpanded state might be playing a role. With an
overexpanded flow, the static pressure at the nozzle
exit is subambient. Thus, the jet in the vicinity of the
nozzle exit is subjected to streamwise as well as lateral
pressure gradients. This may not only affect momen-
tum transfer in the lateral direction but also the stabil-
ity characteristics of the jet. (Exit static pressure based
on idealized flow calculation is discussed with esti-
mates of thrust in the following. Static pressure in the
outer stream could not be measured with confidence
during these experiments due to flow unsteadiness and
facility constraints.) Further investigation is currently
under way with single C-D nozzles in an attempt to
address the flow mechanisms. In the following, the
spreading increase observed with Nozzle 2 is assessed
further. The increase is compared with that achieved
by other techniques and an attempt is made to evaluate
the thrust penalty.

The M;; = Mj;, ~ 0.86 case is similar to a sin-
gle nozzle operation, having approximately uniform
velocity distribution at the exit. Jet spreading and
thrust for this condition are thus amenable for ready
comparison with single nozzle data. Mach number
distributions on the cross sectional plane for this con-
dition are shown in Fig. 10, for x/Deq ~ 14. An in-
creased spreading with Nozzle 2 (with or without trip),
relative to Nozzle 1, is not apparent at first glance.
However, an inspection reveals that the area covered
by a given contour for either case of Nozzle 2 is
somewhat larger than that for Nozzle 1. The peak
Mach number in the measurement domain is also sig-
nificantly lower with Nozzle 2. Overall characteristics
of these flow fields are compared in the table below.

Nozzle M;j Mjo m; (kg/s) | o (kg/s) | Dp/Dy | Dn/Do | PeakM | m/
y-axis zZ-axis (mjt+ig)

1 .861 862 359 422 2.19 226 45 3.61

2 .861 .864 368 286 2.56 2.50 .36 4.20

2 (trip) .860 .865 368 272 243 2.60 35 4,16
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The three data points for the present cases corre-
spond to M; = M;; = Mj, ~ 0.86.

Here, Dy, represents ‘half velocity diameter’
of the jet’s cross-section. Data in the last column rep-
resent longitudinal mass flow rate, obtained from ap-
propriate integration of the total pressure data, and
normalized by the measured initial mass flow rates.
For further details of data reduction the reader may
look up Ref. 3. It should be clear from these data that
there is a small but definite increase in jet spreading
with either version of Nozzle 2 when compared to the
Nozzle 1 case.

The mass flux data for the present coannular
jets are now compared in Fig. 11 with corresponding
data for a variety of single nozzle cases. The nozzle
exit geometry for each case is indicated schematically
with each curve. There are data from a rectangular, an
elliptic, a 6-lobed, a circular and two cases of tabbed
nozzles (Ref. 3). All data are for x /Deg = 14, and
shown as a function of the jet Mach number. The three
data points from the current experiment are identified
in the figure. There are many factors that affect jet
spreading and for a full discussion of the trends in this
figure the reader is referred to the cited reference.
Here, we simply note that with the UCI design, at MJ
= (.86, a substantial increase in the fluxes has been



achieved for Nozzle 2, both tripped and untripped. An
approximately 15% increase in the flux has occurred
with the flaired configuration when compared to the
convergent configuration. The increase can be seen to
be better than that achieved by the 6-lobed nozzle. It
should also be clear that other factors, such as screech
at higher M; and tabs, can result in a much higher in-
crease in the spreading. It is needless to say, however,
that the comparison in Fig. 11 is limited in scope.
Only data with the same inner and outer jet Mach
number for the coannular case could be compared.
The UCI design is consistently effective for a wide
range of inner-to-outer jet Mach number ratios that
cannot be readily compared with single nozzle data.
Since the enhanced spreading with the flaired
nozzle is achieved when it is run in an overexpanded
state, there should be an accompanying thrust penalty.
This is considered now. Thrust for the coannular case
is estimated by assuming the inner and outer flows to
be independent of each other. Ideal, one-dimensional
nozzle flow assumptions (e.g., Ref. 4) are made for
each stream. Furthermore, calculations are made for
the condition M; = M;; = Mjo. For a given plenum
pressure (i.e., a given M), the ideal thrust for the two
flows is calculated independently from the equation,

2
Tideal = AepeUe +(pe — Pa)e>

where A represents the nozzle cross-sectional area
and the sbscript ‘e’ represents conditions at the noz-
zle exit. The throat-to-exit area ratio of each stream
is used to determine the properties at the exit (Refs.
2,3). For a given stream with given plenum pressure
P, the maximum available thrust is also calculated
using the following expression (Ref. 4),

1/72
r 71

2 2 Iy PalY
T = _)— 1-| —
max = Pr e 71 (7+1] (pt ]

Note that whereas Tjjpp/ represents the ideal
thrust for the given nozzle geometry, Tpqy represents
the maximum available thrust that would be obtained
if the flow were expanded fully using an appropriate
C-D nozzle. These thrusts for both inner and outer
streams are thus calculated for each MJ The ratio of

the summations of the two ideal thrusts and the two
maximum thrusts is the thrust coefficient, Cf.
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Figure 12.—Estimated thrust coefficient (Cy) versus jet
Mach number (M]) for nozzle 2; Ml =M;= Mjo. Static
pressure pg, is for exit of outer flow based on ideal,
one-dimensional calculation.

The variation of Cy with M; for Nozzle 2 is
shown in Fig. 12. Also shown in this figure is the
variation of the calculated static pressure at the exit of
the outer stream. As with Fig. 9, the flow regimes / —
IV pertain to the nozzle. In the subsonic regime (1), Cf
is calculated to be unity (assumes no flow separation
or losses due to skin friction). In regime I/, a normal
shock is expected within the diverging section. In this
flow regime, Cf decreases with increasing M;. With
further increase in Mj, at the onset of the overex-
panded regime (ZI7), the normal shock is at the nozzle
exit when Cf reaches a minimum. At this condition,
the static pressure at the nozzle exit goes through a
discontinuity due to the passage of the shock. With
further increase in M; in regime III, Crincreases as the
outer flow approaches the fully expanded condition.
At the latter condition (boundary between regimes /I/
and IV), peo = Pg; however, Cris less than unity since
the inner flow is underexpanded. The maximum in Cf
occurs at M; = 1.45 for the given geometry. Note that
the maximum is still less than unity since neither
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stream is perfectly expanded. With even further in-
crease in M; in regime IV, G continues to decrease as
both streams become increasingly more underex-
panded.

Thus, it is apparent that in the flow regime
where the increased jet spreading is achieved, there is
a significant thrust penalty. For example, at M; = Mj,
= Mj,- = (.86, Cfis about 0.93. Thus, the 15% increase
in the mass flow rate (at x/Deg ~ 14; Fig. 11) has been
achieved at the expense of an estimated 7% thrust
loss. However, it should be borne in mind that the
thrust estimate is based on idealized flow calculations.
In fact, thrust loss in pactice at the operating condi-
tions under consideration may be less than the predic-
tion. Such an expectation is based on past studies of
overexpanded flows from single C-D nozzles. The
idealized inviscid flow calculation assumes no flow
separation and ignores boundary layer effects. In
practice the flow often separates within the diverging
section of the nozzle. With reference to the flow re-
gimes in figures 9 and 12, such viscous effects may be
particularly pronounced in regimes // and /1. The on-
set of regime /I may be delayed to higher M;. The
effect of these deviations from idealized assumptions,
interestingly, can lead to thrust performance better
than the prediction. “Separation moves the detachment
point upstream, causing a change in the effective noz-
zle geometry to one that is shorter and has a lower
expansion ratio. For a given NPR, this alleviates over-
expansion and improves thrust efficiency” (Ref. 5).
Thus, the 7% thrust loss with the present nozzle is
likely to be an overestimate. The issue of actual thrust
loss vis-3-vis mixing enhancement due to overexpan-
sion is also being investigated with single C-D nozzles
and will be reported in a future publication (some pre-
liminary results were included in a recent review pa-
per; Ref. 6).

4, Conclusions

An increase in the spreading of a coannular jet
achieved through the use of a flaired outer nozzle has
been studied in some detail. The spreading increase is
found to be significant. For example, it is comparable
or better than that achieved by non-axisymmetric (i.e.,
rectangular or elliptic) or lobed nozzles. Estimates
based on idealized flow indicate that there is an ac-

companying thrust penalty. However, the penalty in
practice is expected to be less than the idealized pre-
diction. The actual extent of the penalty has remained
undetermined at this time. The spreading increase is
often found to accompany a flow resonance. The na-
ture of this resonance is addressed in this paper. It is
shown that the resonance is similar in origin to phe-
nomenon studied previously for single C-D nozzles. It
is accompanied by a screech-like acoustic emission
and it occurs due to an unsteady boundary layer sepa-
ration near the throat. It can be suppressed by appro-
priate boundary layer tripping. These characteristics of
the resonance are verified for the present co-annular
nozzle configuration. Significantly, it is shown that the
spreading increase takes place even if the resonance is
suppressed. Thus, flow excitation due to the resonance
is ruled out as the underlying mechanism. While the
complete mechanism remains unclear, it is conjec-
tured that adverse pressure gradients near the nozzle,
characteristic of overexpanded flows, are at the root of
the observed phenomenon.
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